Phlebia radiata strain BP-12-2, isolated from forest soil, decolorized fungal melanin and produced an extracellular laccase in culture. The enzyme was purified to homogeneity and characterized. It showed no absorption bands in the ultraviolet above 300 nm or visible regions. It differed from the reported laccases in substrate specificity, kinetic parameters, and NH 2 -terminal amino acid sequences.
Some fungi growing in a bathroom or kitchen at high humidity synthesize black melanin, which causes pollution of the bathtub, sink, and wall. Because fungal melanin improves the resistance of cells to dryness, high temperatures, ultraviolet rays, sterilizers, lytic enzymes, etc., 1) detergents of chlorine system are usually used in cleaning and decolorization. However, the sodium hypochloride contained in such detergents and chlorine gas produced might be harmful to human being, when used at high concentrations. Therefore, effective agents for cleaning wet places in a house are desired, instead of detergents of the chlorine type.
We attempted to develop microbial enzymes that decolorize fungal melanin, since some fungi, such as white-rot fungi, produce various extracellular lignin peroxidases, manganese peroxidases, and laccases, which have the ability to decompose environmentally persistent xenobiotics and chemicals, including dyes. 2, 3) Recently, we reported peroxidases that decolorize human hair melanin from Ceriporiopsis sp. strain MD-1, 4) but, the structure of human hair melanins differed from that of fungal melanin. Typical hair melanin is eumelanin biosynthesized from L-tyrosine through L-dopaquinone, dopachrome, etc.
5) While, the structure of fungal melanin is significantly complicated. 6) In the course of our study, we found a laccase in the culture of an isolated strain decolorizing fungal melanin. The enzyme differed from other reported laccases in substrate specificity, kinetic parameters, and NH 2 -terminal amino acid sequence. In this report, we describe the purification and characterization of the enzyme.
Strain BP-11-2, isolated from forest soil and identified as Phlebia radiata, was used throughout this study. It was isolated from a Japanese household bathing room as a melanin-producing fungus and used in the isolation of strain BP-11-2. The PSA medium contained 20 g of potato, 2.0 g of sucrose, and 1.5 g of agar in 100 ml of water. The pH of the medium was adjusted to 5.6. The PS medium was prepared from the PSA medium without agar. The nutrient agar medium contained 1 g of Polypepton (Nihonseiyaku, Tokyo, Japan) and meat extract (Wako Pure Chemical, Osaka, Japan), 0.5 g of NaCl, and 1.5 g of agar in 100 ml of water. The pH of the medium was adjusted to 5.6.
A two-layer medium was prepared for the isolation tests. Strain B-1 was grown for 3-5 d on PSA medium in a plate, until the surface of the medium was covered with black hyphae of strain B-1. PSA or nutrient agar medium solidified in another plate was placed on the culture of strain B-1. One hundred and fifty-seven soil samples and 52 decayed wood samples were used as isolation sources. One gram of sample was suspended in 9 ml of 0.8% (w/v) NaCl and stirred vigorously. After standing for 5 min, one drop of the supernatant was spread on the surface of the layered medium. Incubation was performed at 30 C. Microorganisms that made a decolorized zone around their colonies due to decomposition of melanin were selected. Strain BP-11-2 made a halo around its colony at 2 d of incubation (Fig. 1) . The halo extended with the growth of strain BP-11-2.
Strain BP-11-2 had a basidium and clamp connection in the hyphae, indicating that it belongs to Basidiomycota.
7) The nucleotide sequence (609 bp, accession no. AB325676) of the 28S rRNA gene of strain BP-11-2 was 99.3% identical to that of Phlebia radiata (AF287885) on the DDBJ database. We thus identified strain BP-11-2 as Phlebia radiata. Strain B-1 was identified as a Cladosporium species on the basis of the nucleotide sequence (571 bp, AB365517) of its 26S rRNA gene, which was 99.8% identical to those of Cladosporium minusculum IFM51370 (AB100648) and Cladosporium sphaerospermum IFM41453 (AB100654).
P. radiata strain BP-11-2 decolorized the melanin of Alternaria alternata NCBR 31805 among the melaninproducing fungi A. alternata NCBR 31805, Ulocladium botrytis NBRC 9210, and Cladosporium cladosporioides NBRC 6348, besides that of strain B-1. However, P. radiata strain BP-11-2 did not decolorize synthetic y To whom correspondence should be addressed. Fax: +81-78-882-0481; E-mail: kaoki@kobe-u.ac.jp Biosci. Biotechnol. Biochem., 73 (4), [939] [940] [941] [942] 2009 Note melanin (prepared from L-tyrosine, Sigma, St. Louis, MO, USA). In addition, the melanin-decolorizing activity in the liquid culture was difficult to estimate quantitatively, because of its low activity toward fungal melanin.
3) Instead, we found obvious activity that oxidized 2,6-dimethoxyphenol. The enzyme was inducibly synthesized in the presence of 2-ethoxyphenol, 2,5-xylidine, 4-methoxyphenol, and p-cresol, besides the melanin prepared from Cladosporium sp. strain B-1, but not synthetic melanin. 2,5-Xylidine induced enzyme synthesis of it the most of the substrates.
The fungal melanin used was prepared from black hyphae of Cladosporium sp. strain B-1 incubated in PS medium at 30 C for 1 week with shaking. The culture was filtered to remove pellets, and then the filtrate was centrifuged at 27;000 Â g for 20 min. The supernatant was dialyzed against deionized water with two changes of water. The dialyzed solution concentrated with a collodion bag (Sartorius, Goettingen, Germany) was passed through a column of Toyopearl HW-55F (Tosoh, Tokyo) using water.
The activity of the enzyme from P. radiata strain BP-11-2 was spectrophotometrically estimated at 30 C using 2,6-dimethoxyphenol (Wako Pure Chemical) as a substrate.
8) The reaction mixture (1.25 ml) consisted of 0.1 ml of 13 mM 2,6-dimethoxyphenol, 0.9 ml of 50 mM lactate-succinate buffer (pH 5.0), and 0.25 ml of enzyme solution. One unit of the enzyme activity was defined as the amount of enzyme that oxidized 1 mmol of 2,6-dimethoxyphenol for 1 min. The specific activity was defined as units per mg of protein. Protein concentrations were measured by the method of Lowry et al. 9) The substrate specificity of the purified enzyme was examined on the basis of standard enzyme assay used for 2,6-dimethoxyphenol using guaiacol (Kanto Chemical, Tokyo), 10) syringaldazine (Wako Pure Chemical), 11) 3,4-dimethoxybenzyl alcohol (Nakalai Tesque, Kyoto, Japan), 12) 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Wako Pure Chemical), 13) resorcinol, 14) catechol, 15) pyrogallol, 16) vanillic acid, 17) hydroquinone, 18) 4-methoxyphenol, 18) 4-aminophenol, 18) L-DOPA, 19) or L-tyrosine. 20) The decolorizing activity for Congo red (Nakalai Tesque), brilliant green (Nakalai Tesque), Rhodamine 6G (Wako Pure Chemical), nigrosine (Wako Pure Chemical), and methyl orange (Wako Pure Chemical) was examined by scanning the change in spectra between 220 and 700 nm with a spectrophotometer. The decolorizing activity for synthetic and fungal melanin was measured at 540 nm by the method described in the previous report. 4) P. radiata strain BP-11-2 was cultured in the PS medium containing 0.02% (w/v) 2,5-xylidine for 5 d with shaking. Proteins in the culture supernatant were fractionated with ammonium sulfate at 30-65% saturation. The sample (precipitate) dissolved in 10 mM sodium-potassium phosphate buffer (pH 5.6) (buffer A) was dialyzed against buffer A. The dialyzed solution was applied to a DE52 cellulose (Whatman Chemical Separation, Clifton, NJ, USA) column (1:5 Â 11 cm) previously equilibrated with buffer A. After the column was washed with buffer A, proteins were eluted with a linear gradient of 0-0.3 M NaCl in buffer A, and then the protein concentrations and enzyme activity were assayed. Highly active fractions of the enzyme were pooled and dialyzed against buffer A. The dialyzed solution was subjected to column chromatography on DEAE-Toyopearl 650S (Tosoh), as above. Fractions showing a single protein band on a polyacrylamide gel were pooled.
The specific activity of the final enzyme preparation was 2.5 units/mg, with an overall recovery of 13%. A 250-fold increase in the specific activity was observed at the final step of the purification procedure. The final enzyme preparation showed a single protein band on polyacrylamide ( Fig. 2A) and SDS-polyacrylamide gels (Fig. 2B) . The apparent molecular mass of this enzyme was determined to be 60 and 61 kDa by gel filtration on Toyopearl HW-55S and SDS-PAGE, respectively (Fig. 2B) . These findings indicate that the enzyme was a monomer. It exhibited essentially the same molecular and catalytic properties as that purified from the culture incubated in the presence of 0.1% fungal melanin. Mn 2þ (1-7 mM) and H 2 O 2 (0.1-1 mM) did not affect the activity of the purified enzyme. It showed a maximal activity at pH 5.0 at 70 C, and was stable between pH 4.5 and 7.0 after incubation for 24 h at 4 C. It maintained 70% of activity up to 70 C after incubation for 10 min at pH 4.5, and enzyme activity was lost at 85 C. The contents of Ca, Mn, Fe, Co, Ni, Cu, and Zn in the purified enzyme were measured with a PerkinElmer Optima 5300DV ICP emission spectrometer (Waltham, MA, USA). The enzyme contained 1 mol of Cu and Zn and 2 mol of Fe per mol of protein molecule. Ca, Mn, Co, and Ni were not detected.
The NH 2 -terminal amino acid sequence of the enzyme was identified as GIGPVTDFFI with a Shimadzu PPSQ-10 protein sequencer (Kyoto). No proteins whose sequences show high identity to that of the enzyme have been reported.
The enzyme (1.
0 -dithiobis(2-nitorobenzoic acid) (DTNB), and Nethylmaleimide) agents in 0.1 ml of buffer A at 30 C for 10 min. Fifty microliters of the incubation mixture was subjected to enzyme assay using 2,6-dimethoxyphenol as a substrate. The enzyme was completely inhibited by Fe 2þ and Fe 3þ . Hg 2þ strongly inhibited it. No other metal ions and none of the chelating and sulfhydryl agents examined affected the enzyme activity. The enzyme (0.18 mg/ml) showed an absorption maximum at 280 nm, originating from a protein containing aromatic amino acid residues in buffer A. However, no absorption bands in the ultraviolet range above 300 nm or the visible range were observed.
The purified enzyme exhibited an oxidizing activity toward 2,6-dimethoxyphenol, guaiacol, syringaldazine, ABTS, hydroquinone, 4-methoxyphenol, and 4-aminophenol among the 14 substrates examined ( Table 1) . The kinetic parameters of the enzyme were determined, and they differed from those of the laccases reported. The enzyme from strain BP-11-2 showed higher affinity for 2,6-dimethoxyphenol and ABTS than those from Chaetomium thermophilium, 21) Lentinula edodes, 22) and Pleurotus ostreatus D1, 23) and lower for guaiacol, syringaldazine, and hydroquinone. It did not decolorize Congo red, brilliant green, Rhodamine 6G, nigrosine, or methyl orange. When fungal melanin was used as the substrate, the enzyme at a high concentration, 11 mg/ml, decreased an absorbance at 540 nm by 0:012 AE 0:0025 during 1 h of incubation, but did not oxidize synthetic melanin.
In this study, we found an extracellular laccase in the culture of P. radiata strain BP-11-2 decolorizing fungal melanin. Because the enzyme was inducibly synthesized with the melanin and decolorized it at high concentration, it appers to be a component participating in the decolorization of melanin. However, the decrease in absorbance at 540 nm was lower than that caused by the peroxidases from Ceriporiopsis sp. strain MD-1. 4) In the decolorizing reaction of human hair and synthetic melanins by the peroxidases, H 2 O 2 and Mn 2þ participate. Therefore, some components such as mediators might be needed for the laccase from P. radiata strain BP-11-2 to decolorize fugal melanin more extensively. 24) The laccase of strain BP-11-2 did not act on synthetic melanin, which is synthesized from L-tyrosine, since the structure of fungal melanin differed from that of the synthetic melanin. 6) Although the enzyme oxidized several chemicals used as substrates for laccase, its substrate specificity and kinetic parameters were markedly different from those of the reported laccases. In addition, the NH 2 -terminal amino acid sequence of the laccase from strain BP-11-2 did not show high identity to those of any other of the laccases examined.
The enzyme did not show an absorption maximum around 600 nm or in the ultraviolet region above 300 nm, originating from a type I copper atom. 21) Recently, a laccase that lacks an absorption maximum at 610 nm has been reported, 23) but the laccase differs from that of P. radiata strain BP-11-2 in optimum pH, kinetic parameters, and substrate specificity. For these reasons, it is likely that the enzyme reported here is a unique laccase. 
